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Lateral composition modulation in InAs  /GaSb superlattices

D. W. Stokes,? R. L. Forrest,” J. H. Li, and S. C. Moss
Department of Physics, University of Houston, Houston, Texas 77204

B. Z. Nosho,” B. R. Bennett, and L. J. Whitman
Naval Research Laboratory, Washington, DC 20375

M. Goldenberg
SFA, Inc., Largo, Maryland 20774

(Received 22 August 2002; accepted 24 October 2002

We report the analysis of lateral composition modulation in (InA¢5aSb), superlattices by x-ray
diffraction. Vertical and lateral satellite peaks for a 140 period structure were observed. The lateral
modulation wavelength, average superlattice composition, and vertical superlattice wavelength were
determined. The lateral modulation was observed only along one in-plane direction resulting in

quantum wire-like structures along th#10] direction. The unconventional structure of the lateral
composition modulation, in which the stacking of the layers leads to a doubling of the vertical
superlattice period, is discussed. 03 American Institute of Physics.
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I. INTRODUCTION IIl. EXPERIMENT

Lateral composition modulatiol.CM) is the spontane- A 140 period (InAs};/(GaSb); superlattice structure

ous formation of phase-separated, self-organized periodi‘e’as grown by molecular beam epitaxy on GasbJ) sub-

structures parallel to the surface during epitaxial growth o trr]at(;sl_, W'th_at 2()tQO A”GaSb buff%r] f”;ba_ %O?A. IT'SS (;‘jap.
semiconductor films. Recent studies have demonstrated © >- Was Intentionally grown with in=0 interfacial bonds.

LCM in a number of I1ll-V semiconductor ternary alloys, wgtsallg@srcc))\];v;hew?trr?mghvaerr?i(?A\I/evr\]/ae\ile;g%rﬁac:}easggri&?r:’:gt?ely
both in ABGC, single-layer structuré$ and in vertical ) . ;

short-period superlattic€SPS structures consisting of two '?ho A.’ bOtth InSAPsSan:j GtaSb Igyer; bﬁmg r;]olmmal!y 4OIA’ |.fe.,
lattice mismatched components (ARXCD),, i.e., IS Isnota structure, in which €ach 'ayeris only a few

3.4 monolayers thick. Employing high-resolution x-ray diffrac-
(INP)/(GaP}, ™ where m and n denote the number of rT{ion (XRD) we are able to describe the average morphology

atomic monolayers. Typical lateral wavelengths range fro . i . )
100 to 400 A5,¥ LCM yr?as been shown to ﬂave prgfound of the structure, including the vertical and lateral modulation
) avelengths, the strain in the layers, and the orientation of

consequences on the physical properties of these semicon- i ; I
ductor systems, e.g., band gap reduction, valence-band spl ne LCM. This article will discuss the observed LCM mor-
ting, and in-plane anisotrogyall of which may be exploited phology and the causes of the LCM.
for optoelectronic applications. In particular, light emitting
diodes and lasers with compositionally modulated active retj|. RESULTS
gions have already been fabricated and have demonstrated ) ) _ _
modified materials performance in comparison to conven- Figure 1 shows a cross-sectional scanning tunneling mi-
tional quantum well laser:1° croscopy(XSTM) image in thg 110] projection for the entire
The causes of LCM are currently under debate, but it ivertical height of the superlattice where images of peri@gls
generally agreed that there is a kinetic process in which sut—4: (b) 32—84,(c) 58-117, andd) 84-137 are shown.
face diffusion, including a gradient term, together with strain-ateral thickness undulations are evident in both the InAs
lead to thickness undulation and composition modulation. @nd Gasb layers, dark and bright regions, respectively, but
The detailed combination of these different effects is mate&® more prominent in the InAs layers. From these images it
rial dependent, and so it is possible that different mechalS clearly seen that it took a few periods of growth before the
nisms predominate in single-layer versus SPS structéres. Modulation was initiated, and the peak-to-trough height in-
In this work we report the x-ray diffraction analysis of creased as the growth continued until about 40 _perlods,
LCM in InAs/GaSb superlattice$SL). These superlattices Where they became regular; beyond about 80 periods, the
are important because of their use in optoelectronic appncamodulatlon became quite irregular. This is the clearest image

tions such as midwave infrared detectdmnd laserd? of laterally organized thickness undulations in a SL reported
to date!® XSTM images indicate that no lateral undulations

occur in the orthogonal plarté:®
Thickness undulations in superlattice bilayers have been

@E|ectronic mail: dstokes@uh.edu
Ypresent address: University of Houston-Downtown, Department of Natural

Sciences, Houston, TX 77002. a leading candidate for the cause of LCM in SLs, and the
Present address: HRL Laboratories, LLC, Malibu, CA 90265. standard model depicting the undulations is shown in Fig.
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FIG. 1. XSTM image in th¢110] projection for the entire vertical height of
the 140 period (InAs)/GaSb); superlattice where images of periots
1-45,(b) 32—-84,(c) 58—117, andd) 84—137 are shown.

2(a).}” The morphology observed in Fig.(t) is depicted
schematically in Fig. @), with the corresponding diffraction
peaks in reciprocal space, and is quite different from the
standard model. The thickest parts of the undulating layers A
are offset from each other by half the undulation wavelength,
resulting in a vertical period twice that of the deposited su-
perlattice. This may occur in order for the layer to maintain
the flattest, lowest energy surface possible. The parallelo-
gram depicts the superstructure unit cell, corresponding to
both the vertical and lateral structures. The shape of the unit
cell is due to the stacking of the undulating layers. Theutilt

of the unit cell base with respect to t@01) plane leads to g 2. schematic diagrams ¢ predicted LCM in SPS structure arfi)

an equal tilt of the vertical satellite peaks with respect to thehe LCM observed in an (InAs)/GaShb) superlattice, along with the as-
[001] direction. sociated diffraction pattern in reciprocal spadg, andA ¢y are the wave-

Although thickness undulations were observed in thelengths of the vertical SL and LCM, respectively. Regiorendw represent
Ga-rich and In-rich regions of the structure, respectively. The small arrows

XSTM image, this does not necessarily imply that chemicalngicate where the GaStinyer B is thickest(between a trough and a crest
LCM exists. If the thickness of layer B in Fig(l® does not of the InAs layey. The parallelogram shows the unit cell corresponding to
vary, this structure will not exhibit LCM; the A/B ratio the vertical and lateral superstructure, whers the angle between the unit
would be the same in regionsandw. On the other hand. if cell base and thé01) plane. The black circle represents a Bragg diffraction
. 9 . o R ’ peak from the average latti¢8L0), while the gray circles represent vertical

the thickness of layer B varies as depicted in Fih)2the  4nd lateral satellites.
A/B ratio is greater in regionsy and smaller in regionsi,
resulting in LCM. The essentially vertical bright and dark
stripes in Fig. 1, InAs-rich and GaSb-rich regions, respec- High-resolution double crystal XRD analysis of the
tively, imply that LCM is present. This was verified by XRD. sample was performed on a four-circle diffractometer with a

For periodic lateral structure, i.e., thickness undulation12 kW rotating anode x-ray source, using ICyy radiation
and composition modulation, the Bragg diffraction peaks aré\ =1.54051 A). Radial line scans were performed through
surrounded by a set of lateral satellites. If only thicknesshe (002, (004), and(006) Bragg peaks as well as reciprocal
undulations are present, lateral satellites may be presespace map$RSMs about the(004), (224), and(444) Bragg
about high order vertical satellites; however, only LCM will peaks in the plane perpendicular to the lateral modulations
lead to lateral satellites about the zeroth order vertical sate-¢p=0°) and parallel to the lateral modulation$=90°).
lite, SLO, which corresponds to the average SL lattice spac- Radial line scans through th@04) Bragg peak at¢
ing. The effects of LCM on the SLO peak itself may also be=0° and¢=90° are shown in Figs.(d and 3b), respec-
observable along the growth direction, depending on thdively. Note that the odd numbered vertical satellite peaks are
magnitude of the composition change. missing from Fig. &), which will be explained later. The
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FIG. 3. XRD radial scans through tt{{604) Bragg peak ata) ¢=0° and F E
(b) ¢=90°, which shows the absence of odd order satellites. 3.96 - 1-1 3.96 4 1-1
3.94 - B 3.94
(004 RSM at ¢»=0°, Fig. 4, contains peaks corresponding 3.92 B 7 2 3.92| igt‘f’; 12
to GaSb and the average superlatii&0), and vertical su- 3.90 | — 390 %,
perlattice satellite peaks up tar2. The (224) and (444) 388 | ] S35 9
RSMs indicate that the superlattice is fully strained to the Tt . <t < <
GaSb substrate and buffer. 3.86 - ] ' HII( '
RSMs performed about th€004), (224), and (444) 3.84 o~
Bragg peaks a#h=90° confirmed the presence of LCM. The 382 R X
¢=90° (004) and (444 RSMs are shown in Figs.(&® and 585
5(b), and show satellite peaks corresponding to both the ver- S oo

tical and lateral structure; lateral satellites are observed abou HK

the SLO peak. In this plane, the vertical superlattice peaks are

tilted with respect td001], as depicted schematically in Fig. FIG. 5. XRD reciprocal space maps of LCM around tag (004 and (b)
2(b). The measured tilt of 7.520.5° does not affect the SL (444) Bragg peaks ap=90°, parallel to the LCM, whose linear radial scan
crystalline planes, i.e., the SLO peak is not tilted with respect® Shown in Fig. &).

to the GaSb peak, and results from the stacking of the undu-
lating layers. There are also diffuse streaks of intensity pass-

ing through the satellites along the stacking direction, which
1+2 are naturally attributed to stacking errors. The vertical tilt
explains the absence of the odd numbered satellites from the
radial scan in Fig. @); the odd numbered vertical satellite
+1 peaks are shifted off of tH®01] axis in this plane, as seen in
1 Figs. 5a) and §b). Only two-dimensional RSMs can reveal
GaSb both the LCM satellites and the tilting of the structure.
SLO The LCM wavelength measured from thé=90°

RSMs, A cy=554+3 A, is in excellent agreement with the
spacing measured between brigbt dark columns in the

-1 XSTM image, which is approximately 600A. Note that
XRD measurements average over the entire sampled volume,
which in this case includes the entire vertical height of the

2 sample, whereas XSTM images are highly localized. The
thickness undulation wavelength measured from the XSTM
images, assuming a sine wave periodicity, is 1100
—1200A, which is twice the LCM wavelength. Note that
for a standard model LCM superlattice, FigaR these two
wavelengths would be identical. Typical LCM wavelengths
reported in the literature range from 100 to 400 A, which is

. similar to A ¢y for this sample.
0 berpendioular o he LOM, whose Inear adial scan s shown n Fig.  The vertical SL wavelength) s =155+ 10 A, was de-
3(a). termined from all of thep=0° and¢=90° RSMs and radial

W W W W wh b A D
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scans. The intended SL wavelength was 80 A. This measured The surprising lateral structure of this sample is attrib-
doubling of the intended wavelength corresponds to theited to the facts thdtl) the GdAs)Sb thickness undulations
LCM structure as depicted in Fig(t). The =10 A variation  are much smaller than those of the I8k layer, and(2)

of Ag_is best illustrated by the radi@d04) scans in Fig. 3; the thickest part of the GAs)Sb layer is not above a trough
the =2 and +4 satellite peaks show splitting. Unlike the in the previous INA&H layer, but between a crest and
work by Gianniniet al,'® simulations indicate that the dif- trough. There are two possible explanations for the initial
ferent compositions in regions and w cannot completely point. Thickness undulations are believed to be driven by
account for the observed splitting. Rather, it indicates thaktrain relaxatiort!2126-3%This SL is fully strained, i.e., lat-
there are two or more discretks values in the structure. tice matched to the GaSb substrate. The relaxed lattice con-
We believe that this is due to variations along the growthstants corresponding to the limiting layer compositions given
direction, which are clearly seen in Fig. 1. This is consistengpove are 6.1102A for InAg;Shy 103 and 6.0767 A for
with the fact that the splitting is not seen in the odd nuM-Gaag ,,.Shyos,. Thus, the INAESD layer is under a com-
bered satellites which are due to the doubling\gf associ- pressiVe strain<0.2% and the G@#s)Sb layer is a under
ated with the periodic lateral structure, and therefore Comgggile strain<0.3%. Although these strains are small, the

primarily from the sample section represented by Fi).1 |naq(sp is under compressive strain, which has been shown
The entire sample contributes to the even numbered sateﬂ(—) be more likely to lead to film instabilitiéd:>*-33Second
lites, even where the lateral structure is weak, and thereforﬁ]e surface tensions of these layers are 1400 erﬁstom,
these will most strongly reflect variations along the growthInAS and 1600 ergs/chrfor GaSh. With alloying of the lay-

direction. . . rs, the surface tension of InAs would decrease, while that of
The average SL lattice constant was determined from al .
aSb would increase. The somewhat smaller (5485 sur-

of the scans, both gh=0" and 90°, and measured relative to face tension makes it more likely to form undulations. Al-

GaSb which was assumed to be relaxed veith6.0959 A. .
: . though these influences are small, they would tend to cause
The measured SL lattice constants are6.0959 A (in- ) SO
greater thickness variation in the In@b) layer.

plang, and c=6.1080+0.001 A (out-of-plang. This indi- . ) )
cates that the nominally InAs SL layers,{,=6.0583 A) The posmon of the G@‘S)S.b. crest_ _does not appear to
be explained by current elastic instability theory. Several ar-

are in fact InAsSb. This is consistent with previous STM les h h hol ¢ ) I
images of this sample that showed both Sb in the InAs IayergC es . ave addressgd the morp o ogy. 0 stra!ned- ayer. s.u-
perlattices, and predict elastic roughening or ripples as it is

as well as some As in the GaSb lay&t3.he complex struc- J:21.26-30,34,357
ture of the sample prevented a complete fit of the XRD in-"élated to the growth mode:">="""""*The theory that

tensities, however, simulations indicated that the fraction of0St cIoserZldesc_:nbes the observed LCM structure is by
As in the GaSb layers is less than 4%, and that the fraction ophilkrot et al:~ This theory predicts undulations, which are
Sb in the InAs layers varies from12% in regionsu to classified as an in-phase, complex or out-of-phase growth
~8% in regionsw, where InSb interfacial bonds have beenmode. In the in-phase mode, each sequential layer is modu-
considered. This alloying was not addressed in previouted in-phase, with the amplitude of modulation increasing

publications}>*®although it is consistent with XSTM images @s the growth progresses. This structure does not lead to
of the sample. LCM. In the out-of-phase mode, each sequential layer is

180° out-of-phase with its surrounding layers, as depicted in
our Fig. 2a). SL layers A and B are assumed to be strain
IV. DISCUSSION balanced with respect to the substrate, having equal and op-

While surface undulations have been observed in Otheposite strain. This theory predicts that an undulating layer

sample<? this is the clearest image of thickness undulationgVill P& most relaxed at its crestowest surface energy
in a SL exhibiting LCM. This is partly due to the fact that hence, material B prefers to grow on the troughs of material

this is not a SPS, i.e., these layers are more than a few mond: due to the stress/strain state resulting from the underlying
layers thick. Images of a similar structure have been obtainetterface. In the complex mode described by Shilleval,
by cross-sectional transmission electron microscopy of InAsRlternating layers are either in or out of phase, and the pattern
AlinAs superlattice€® There have been no other reports of May be periodic or aperiodic. While both the out-of-phase
vertical wavelength doubling, indicative of the structure ob-and complex modes can lead to LCM, they do not explain
served here; however, different undulation structures aréhe structure observed here, i.e., the preferential growth of
likely to occur, depending on the strain between the SL layGaAs)Sb between the InASb) troughs and crests, which
ers and the substrate®11:17.21-25 would be referred to as 90° out-of-phase in the Shilletadl.
Thickness undulations are clearly the cause of LCM interminology. Our structure consists of alternating layers that
this sample. The InASb) layer thickness ranges from 4 to are 90° and 180° out-of-phase with the surrounding layers.
28 monolayers, while the GAs)Sb thickness varies from 8 If the preferred growth of the GAs)Sh between a
to 18 monolayers, as determined from XRD simulationstrough and crest of the InASh) layer is to be explained by
This leads to INAESH/Ga(As)Sb ratios of approximately strain, the InA§Sh) troughs must have an in-plane lattice
2:1 in regionw and 1:3 in regioru. There is alloying in the constantless than that of the substrate and the (Gs)Shb.
SL layers, and there is some lateral variation of the alloying;This is unlikely, since there is no driving force for a reduc-
but this effect is much smaller than the large thickness variation of the InA$Sb) lattice constant below that of Gas)Sb.
tions that are observed. In this case, the detailed surface diffusion and gradient en-
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ergy contributions to the evolving structure must be consid-*F. Peiro, A. Cornet, J. C. Ferrer, J. R. Morante, G. Halkias, and A. Geor-
ered. gakilas, Mater. Res. Soc. Symp. Prdd.7, 265 (1996.

: : : °R. D. Twesten, D. M. Follstaedt, E. J. Heller, E. D. Jones, S. R. Lee, J. M.
Alternatively, this may be explained by GaSb growth on Mullinchick, F. A. J. M. Driessen, and J. D. Mascarenhas, Bull. Am. Phys.
facetted surfaces. It has been shown that the growth rate ofgyc 41 693 (1996,

GaSb(by metalorganic molecular beam epitaxy enhanced  3A. Mascarenhas, R. G. Alonso, G. S. Horner, S. Froyen, K. C. Hsieh, and
on (11n) substrates over that ¢001).3® This may imply that K. Y. Cheng, Superlattices Microstrud2, 57 (1992.

. . . . :
the growth rates will also be enhanced at atomic steps con—géﬁ'(T;é%h' J. N. Baillargeon, and K. Y. Cheng, Appl. Phys. L8,

sisting of (11n) planes. This sample was grow_n O_n a nom'_' ®J. M. Millunchick, R. D. Twesten, D. M. Follstaedt, S. R. Lee, E. D. Jones,
nally (001 substrate and x-ray measurements indicate a mis-v. zhang, S. P. Ahrenkiel, and A. Mascarenhas, Appl. Phys. Z6ft1402
cut of less than 0.2°. However, even a small miscut (1997. _ _

introduces steps on the surface; therefore, the GaSb mayX: Y- Cheng, K. C. Hsieh, and J. N. Baillargeon, Appl. Phys. L&,

2892(1992.
grow at a faster rate on the step edges of the InAs Iayer;Y_ Zhang and A. Mascarenhas, Phys. Re\sB 12245(1998.

resulting in the observed stacking of the layers. 8A. M. Moy, A. C. Chen, K. Y. Cheng, L. J. Chou, K. C. Hsieh, and C.-W.
Finally, we discuss the tilt of the vertical peaks away Ju, J. Appl. Phys80, 7124(199. _
from the[001] direction. This tilt should equal the titt [Fig. P.J. Pearah, A. C. Chen, A. M. Moy, K. C. Hsieh, and K. Y. Cheng, IEEE

. . J. Quantum Electror80, 608 (1994.
2(b)] of the superstructure unit cell with respect to t061) 1°D.QE. Wohlert, K. Y. Cheng, and S. T. Chou, Appl. Phys. L@8, 1047

plane. The anglea is given by tan(1/2Ag /A cv) (2002.

=7.96° and is in excellent agreement with the Z2&.5° tilt ~ ''B. J. Spencer, P. W. Voorhees, and J. Tersoff, Phys. Re4, 235318
measured from the RSMs. The diffuse streaks seen in Fig. ggogg;in and J. M. Millunchick, J. Appl, Phy8iL, 237 (2002

Oc.:cur OI’_lly along one tilt direction, which is attrlbutgd .tO a 13M-. J. Yang, W. IJ. Moore, B. R.YB-enr?gtt-, an)(lj B., V. Shanab.rook, Electron.
slight miscut of the substrate. The RSMs appear similar t0 et 34 270(1998.

those from LCM structures grown on intentionally miscut **F. Fuchs, U. Weimer, W. Pletschen, J. Schmitz, E. Aslswede, M. Walther,
substrates, in which the tilt angle matches the miscut anglelg;'nlnol J. Wagner, Appl. Phys. Leftl, 3251(1997.

TP ; ; 738 B. Z. Nosho, B. R. Bennett, L. J. Whitman, and M. Goldenberg, J. Vac.
even though the cause of the tilt is quite differ&hi Sei Techmol BL9, 1636(5000.

16B. 7. Nosho, B. R. Bennett, L. J. Whitman, and M. Goldenberg, Appl.
V. SUMMARY Phys. Lett.(to be publishejl

. . A, C. Chen, A. M. Moy, L. J. Chou, K. C. Hsieh, and K. Y. Cheng, Appl.
In conclusion, we have reported the observation of LCM Phys. Lett.66, 2694 (1995.

in an (InAs),/(GaShb), SL and have shown a clear image of 8c. Giannini, L. Tapfer, Y. Zhang, L. D. Caro, T. Marschner, and W. Stolz,
thickness undulations in a LCM sample. We identify thick- lgPhyS- Rev. B55, 5276(1997.

ness undulations as the cause of LCM in this structure. Thesemégém'gg' B. R. Bennett, and R. Magno, J. Cryst. Growd, 651
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unequal surface diffusion of the species. Using XRD we®L. E. Shilkrot, D. J. Srolovitz, and J. Tersoff, Phys. Rev.68, 8397
have quantitatively describe.d the morpho_logy and StrUCturngo\?Qéheng K. C. Hsieh, J. N. Baillargeon, and A. Mascarenhas, Pro-
of the §ample. Be_cause of its un_conventlonal StrUCtu_re’ no ceedings of £he 18th Interr;ational Symposiur’n on GaAs and Relate(; Com-
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LCM formation. 233, M. Millunchick et al., MRS Bull.22, 38 (1997).
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